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Abstract

Because of unique combination of properties, ultra high temperature ceramics
(UHTCs) are considered the most suitable material for applications in extreme en-
vironments as in hypersonic flights, atmospheric reentry, and rocket propulsion sys-
tem. Processing of UHTCs especially ZrB,-based ceramic composites with additives
offer advantages in terms of simple processing methodology and excellent proper-
ties. Processing route highly controls the ceramic properties. Present review share
out systematically and explain the processing strategies of ZrB,-based ceramic com-
posites—conventional, hot press or spark plasma sintering and their effect on micro-
structure features, physical, and mechanical properties and tribological performance.
Present review suggests that it is possible to process full dense ZrB,—SiC ceramic
composite with ultrafine or nano size particles via fast sintering technique like spark

plasma sintering and gives better mechanical and wear resistant properties.
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turbojet parts, thermal structures for space planes, and other
space probes, gas turbines combustors cans, brakes, after burn-

In recent few decades, efforts have been made to develop the
materials which can perform and sustain successfully in ex-
treme temperature and pressure.! Materials such as nitrides,
carbides, and transition metal borides comes in the category
of ultra high temperature ceramics (UHTCs) having high re-
sistance to oxidation, high thermal conductivity, and better
mechanical properties.z'6 UHTCs act as Thermal Protection
System (TPS) for future reusable reentry vehicles with re-
peated multiple launches associated with rocket propulsion,
hypersonic flight, and atmospheric reentry.7 UHTCs lie in
IV-V group as transitional metal boride and carbide. They can
be used at a very high temperature because of having high
melting points of more than 3000°C.” They are used in lig-
uid propellant rocket motors, supersonic planes, space planes,

ers, heat shields, prostheses, fixation plates, thermal insula-
tion, rocket nozzles, etc.*!" Figure 1A shows the photograph
of X43-A, areusable hypersonic aerospace vehicle that would
utilize UHTC leading edges and control surfaces.’ Processing
of ultra high temperature ceramics for manufacturing aero-
space sharp-shaped hot-structures is obtained by electrical
discharge machining (EDM) by Monteverde et al (2008).12
Nevertheless, the properties that have made ceramic materials
one of the most desirable engineering materials also hinder
their machining characteristics. Ceramic surface machined by
EDM process in general contain a damage surface layer as
well as cracks, which can be removed either by subsequent
ultrasonic or abrasive blasting processes in order to enhance
the surface integrity and strength.13 Among borides, ZrB, is
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FIGURE 1

A, X43-A, a reusable hypersonic aerospace vehicle that would utilize UHTC leading edges and control surfaces; B, Image

courtesy of NASA? Hot pressed UHTC nose-cone after shaping by EDM'?; C, Strakes (composed of three sections, each having a different UHTC

composition)'® [Color figure can be viewed at wileyonlinelibrary.com]

the most promising candidate for leading edge material. It
has high oxidation resistance as compared to other borides.
UHTC prototype of a nose-cone produced and construction
of strakes of space vehicles are shown in Figure 1B,C. Apart
from their use in aerothermodynamics for extreme condi-
tions,'*'® UHTCs are also used in automotive applications
as cutting tools, turbine blades, tube vanes, seals, bearings,
wear guides, automotive engine components, nozzles, ex-
haust ducts, heat exchanger tubes, combustors, centrifuges,
filters, substrates, air preheaters, wire drawing and extrusion
dies, valve seats, high precision balls, bearings, plungers for
chemical pumps.lg_21 ZrB, and ZrB,-SiC composites are one
of these class of ultra high temperature ceramic composites
having incorporating SiC additions making the composite
efficient in ultra-refractory properties by enhancing their ox-
idation resistance and the mechanical properties.”>** To in-
crease strength, oxidation resistance, fracture toughness, and
to prevent grain growth in ZrB, composite, SiC particles are
added. SiC having strong covalent bond occur in many differ-
ent crystal structures, called polytypes.zs’m

2 | SYNTHESIS AND
DEVELOPMENT HISTORY OF
ULTRA HIGH-TEMPERATURE
CERAMICS

Ultra high temperature ceramics (UHTCs) came into de-
velopment in 1960s.' ZrB, has high hardness (>20 GPa),
melting temperature (>3000°C), and elastic modulus

(~500 GPa); like metals it has high thermal conductivity
(60-120 W/m K) and electrical conductivity (21-107 S/m).!
Therefore, densified ZrB,-based ceramic composites are
preferred for structural applications. Ceramic powders can
be synthesized by several chemical, reactive, and reduc-
tion processes and ceramic composites can be processed
via various processing techniques as conventional sinter-
ing, hot press or spark plasma sintering (SPS) for differ-
ent applications.”’ The simplest reaction for synthesis of
zirconium diborides is the elemental precursor powder
reaction. However, it limits due to occurrence of exother-
mic reaction that can melt Zr ZrB, can also be synthesized
from constituent elements Zr and B by stoichiometric re-
action between them via carbothermal and borothermal
reduction.* ZrB, powder can also be obtained by ZrO,
reduction to its diborides, and by boro/carbo thermal re-
duction of ZrO, (Table 1) in vacuum with B,C and C ad-
dition. At 1650°C, powder mixtures were heated under
vacuum in graphite die with 60 minutes isothermal hold,
after 60 minutes at 1650°C, argon was filled in furnace
and heated at 30°C/min to set sintering temperature. In
reaction products, presence of ZrC phase formed gets dis-
appeared with excess amount (20%-25%) of B,C leaving
ZrB2.32 Monolithic ceramics properties can be further en-
hanced with addition of secondary phases. With introduc-
tion of secondary phase, the oxidation resistance property
of the ceramics can be improved. Second phase as sinter-
ing aids form a silica glass protective layer on the surface
when surface is exposed to air at high temperature”'37 as
shown in Equations 1 and 2. Sintering aids like MoSi, or

TABLE 1
synthesize ZrB, powder

Reduction reactions to
1,32,41-42

Category Reaction

Carbothermal ZrO, + B,03 + 5C — ZrB, + 5CO
Borothermal 710, + 4B—Z71B, + B,0,
Aluminothermal

Boro/Carbothermal Reduction

Boro/Carbothermal Reduction

3710, + 3B,0; + 10Al - 3ZrB, + 5AL0,
7Zr0, + 5B,C—~7ZiB, + 3B,0; + 5CO
27r0, + B,C + 3C — 2Z1B, + 4CO
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SiC increased high resistance to oxidation at high tempera-
tures above 1000°C by forming a protective silica layer on

the surface.’®%

MoSi, (s)+(7/2) O, (2) = 2Si0, () +MoO; (s) (1)
SiC+3/20, (g) - Si0, (1) +CO (g) 2)

Though full densification is difficult to achieve via pres-
sureless (conventional) sintering, it is reported that maxi-
mum density of ~ 98% can be achieved for monolithic ZrB,
at 2150°C held for 9 hours.*® Khanra et al (2003)*! prepared
ultrafine zirconium diboride from raw oxide (ZrO,) and boric
acid (H3;BO;) by adding reducing agent (Mg) via self-propa-
gating high temperature synthesis (SHS). Solid state combus-
tion process occurs in SHS and exothermic reaction generates
chemical energy for the process to take place. Stoichiometric
reaction occurs between Zr and Br synthesizing ZrB,. The
only drawback with SHS is that reactions taking place are
difficult to control at extreme rapid heating rate, whereas
hot pressing attrition milled Zr and B powders at 600°C for
6 hours gives nanoscale (10 nm in size) ZrB, 2, Summarizing
it can be said that ceramic powders can be synthesized by
reaction and reduction processes via different sintering tech-
niques with selective sintering parameters.*

3 | PHYSICAL AND MECHANICAL
PROPERTIES OF UHTCS

In last two decades, research has been done to improve the
performance of structural ceramics like ZrB, and HfB, and
work continued on nitrides, oxides, and carbides elements
of IV-V group.! Diborides have high thermal conductivity
than carbides and nitrides making them suitable for high ther-
mal applications.” UHTCs are generally classified as oxides
and non-oxides. Oxide ceramics are less dense with melting
temperature up to 2988 K, whereas non-oxide ceramics are
denser and have melting temperature >3200 K. Strong cova-
lent bond gives stability to UHTCs. ZrB, have high melting
point (3244°C), high hardness (22.1 + 0.2 GPa), high oxida-
tion, and thermal shock resistance in extreme temperatures.
Non-oxide ceramics have the disadvantage that their surface
gets oxidized at elevated temperature, the important physi-
cal properties of oxide and non-oxide UHTCs are shown in
Table 2.'7-31-324446 Ey]] densification of UHTCs faces major
challenge due to strong covalent bonding, high-melting point
and low diffusion rates. At low temperatures generally in
case of borides, oxides layers covering boride particles sur-
faces get subjected to evaporation condensation mechanisms
resulting in mass transfer without densification and at higher
temperatures grain coarsening becomes predominant over
densification.>* As reported flexure strength of ZrB, and
HfB, ceramics could be enhanced with addition of SiC or
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MoSi, as secondary phases from 300 to 500 MPa to 800-
1000 MPa.” SiC and MoSi, are generally added as sinter-
ing aids to increase oxidation resistance by forming a silica
glass protective layer on the surface when it is exposed to
air at high temperature.”* Desirable characteristics of ceramic
powders for efficient compaction are shown in Figure 2.
Physical properties of oxide and non-oxide UHTC’s are
given in Table 2. At high temperatures exceeding 2000°C,
UHTCs retain their bending strength and hardness. Owing
to strong covalent bonding, UHTC’s exhibit high hardness
(22.1 + 0.2-23 + 0.9 GPa). Mechanical and thermal prop-
erties of important diborides are shown in Table 3 and 4,
respectively. Despite high melting points of UHTCs, they
are unsuitable for many refractory applications because of
their high susceptibility to oxidation at elevated tempera-
tures. ! HfB, oxidizes at 1100°C, while ZrB, oxidizes be-
tween 800°C and 1200°C?® as per the following reactions in
Equations 3 and 4:

HfB, (5)+(5/2) O, (2) =HfO, (s)+B,0; () (3)

ZrB, +5/20, (g) — ZrO, + B,0; (1) @)

Summarizing, it can be said that monolithic ceramics are
susceptible to oxidation at high temperatures, therefore, addi-
tion of sintering additives is needed to increase the oxidation
resistance at high temperatures and improve the properties of
monolithic ceramic cornposites.sz'54

4 | PROCESSING OF ZrB,-SIC
COMPOSITES VIA CONVENTIONAL,
HOT PRESS, AND SPS PROCESSING
TECHNIQUES WITH OR WITHOUT
SINTERING ADDITIVES

Literature survey revealed that borides are generally com-
bined with additives to increase oxidation resistance and
strength; especially ZrB, composites with SiC addition pro-
cessed via different sintering routes are best suited for use at
ultra high temperatures because of their excellent properties
of high hardness, high-melting point, and chemical stabil-
ity at extreme temperature.2’45 Compact powder samples are
generally heated at high temperature resulting in atomic dif-
fusion during sintering, reducing porosity, and densifying
the sample. Generally, conventional sintering is the most
suitable and economical processing technique, which allows
sintering of different shapes. However, spark-plasma sinter-
ing (SPS) reduce processing time, lower sintering tempera-
ture and restrict grain growth with fast heating rate.””> Before
sintering, milling is generally preferred for diborides pow-
ders to improve densification, which homogenize the pow-
ders. It was observed that addition of sintering aids in ZrB,
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Lattice parameters (°A) TABLE .2 Physi’cz;ggrl(_)ge“rzlt_ifﬁs of oxide
Density  Melting and nonoxide UHTC’s ™"~
Crystal Structure a b c (g/cms) point (K)
Oxides
Al 04 Hexagonal 4.7850  4.7564 12.9894 3.99 2345
Zr0O, Monoclinic 5.1454 5.2075 5.3107 5.68 2988
TiO, Tetragonal 4.5937 4.5937 2.9581 4.24 2116
Si0, Tetrahedral 4.9965 — 5.4546 2.64 1983
Non oxides
HfB, Hexagonal 3.1420 3.1420 3.4800 11.1 3523
TiB, Hexagonal 3.0236 3.0236 3.2204 4.52 3503
ZrB, Hexagonal 3.1700 3.1690 3.5440 6.09 3273
Si3N, Hexagonal 7.7727 7.75327 5.6565 3.44 2173
ZrN Cubic 4.5675 — — 7.09 3253
Ta;Ns Orthorombhic 3.8900 10.2200 10.2700 14.3 3363
MoSi, Tetragonal 3.2112 3.2061 7.8480 6.25 2303
TiSi, Orthorombhic 8.2671 4.8000 8.5505 4.08 1773
NbSi, Hexagonal 4.7980 — 6.5920 5.69 2203
TaSi, Hexagonal 4.7840 — 6.5680 9.09 2673
B,C Hexagonal 5.6330 5.6330 12.1640 2.52 3036
TaC Cubic 4.4270 — — 14.65 4153
SiC Hexagonal 3.0860 3.0730 10.0530 3.21 3003
SiC Polymorphs — — — 3.21 2545
High purity: Presence of impurity-formation of undesired phases FIG U RE 2 Desiral‘:)k.e characterist.ics
(deterioration of performance). More than 99.9% purity desired. ceramic powders for efficient compaction
CERAMIC
POWDERS
Size and size distribution: The finer the Morphology: Spherical shaped powders
particle size, the faster will be the desired in the context of better flowability.
distribution. Presence of coarser particles Irregular shaped powders can cause poor
along with finer powders leads to non compaction and cracks in green body.

uniform densification.

composites helped in removing oxygen impurities form di-
borides powders forming dense material during sintering.46
Besides ZrB,, additives like SiC can also be processed via
non-conventional sintering reducing SiO, to SiO at 1500°C
by vapor transport resulting 96% density at temperature

between 1700°C and 1900°C with 70 MPa.> Properties
obtained with different processing techniques used with or
without additives for processing densified ZrB,-based com-
posites to have desired properties are shown in Table 4 and
are sequentially discussed below.
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TABLE 3 Mechanical properties of important diborides >*°

Young modulus Flexural strength Hardness

(GPa) (MPa) (GPa)
TiB, 550 330 +£40 33.0+£0.6
ZrB, 500 305 + 10 22.1+0.2
HfB, 500 350 +70 28.5+0.5

4.1 | Influence of silicon carbide (SiC)
addition on ZrB,-based ceramic composites

Effects of addition of silicon carbide (SiC) on ZrB,-based
ceramic composites has been investigated by several re-
searchers,>!%233436-61 [ie Akina et al (2009)5 synthesized
ZrB,—-SiC composite via SPS route with sub-micron aver-
age particle size of ZrB, and a-SiC at different tempera-
tures: 1800°C-1900°C for 300 seconds, at 2000°C-2100°C
for 180 seconds and at higher temperature with no holding
time. In general, SiC addition up to 60 wt% improved den-
sity of ZrB,—SiC composite. Composites having 20-60 wt%
SiC sintered at 2000°C-2100°C for 180 seconds reached a
highest relative density of > 99%. Pores were visible in
microstructure of composite with 80 wt% SiC addition.
The porosity could have been resulted due to difficulty
in sintering because of difference in thermal expansion
coefficient of ZrB, and SiC. High temperature and pres-
sure assisted sintering leads to microcracks due to thermal
expansion anisotropy during cooling resulting in poros-
ity and poor mechanical properties.” Abnormally grown
texture of ZrB, and «-SiC grains caused the large pore
formation at higher temperatures. Rezaie et al (2007)*
examined the structure property of ZrB,-30% vol SiC
composites with different SiC particulate grain size (from
~1.2-3.1 ym) and ZrB, (~2.2-4.7 pm) at temperatures be-
tween 1850°C and 2050°C, along with times ranging from
45 to 180 minutes.” For the conditions established, high
hardness of ~22 GPa, fracture toughness of 5.5 MPa.m'"?
and young's module between 501-516 GPa was reported,
with maximum value obtained for ZrB, composite having
SiC of 0.7 pm average particles size sintered at 1850°C for
45 minutes. Higher strength of ~1060 MPa at 1850°C with
smaller grains and ~720 MPa at 2050°C with ~3.1 um par-
ticle size of SiC grains is reported. The reason attributed
to it is the larger SiC grains in the microstructure acted
as the critical flaw causing the failure of the specimen,
whereas smaller SiC grain sizes resulted in higher flex-
ural strength for composite. Size and distribution of SiC
influenced the toughness and strength of the composite
by altering the amount of crack deflection.”® Densified
ZrB,-SiC composites were prepared with 10-30 vol% SiC
addition via hot press at 1900°C with 32 MPa pressure.
Hardness of monolithic ZrB, increased from 23 + 0.9 GPa
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to 24 + 0.9 GPa with addition of 10 vol% SiC."” Strength
of the composites were found to reach ~1 GPa and in-
creased fracture toughness of 5.25 MPa.m"? with 30 vol%
SiC addition was obtained with increase in oxidation re-
sistance of the composite.34 Justin and Jankowiak?® has
developed ~98% dense ZrB,—SiC composites hot pressed
at 1700°C-1800°C for 2 hours at 27 MPa for leading
edges of future hypersonic aircrafts. Addition of SiC in-
creased oxidation resistance and restricted the diborides
grains growth during sintering resulting in high hardness
(20.9 + 1.9 GPa) and fracture toughness (4.3 + 0.2 MPa.
mm). Zhu et al (2006)56 processed ZrB,—SiC compos-
ites via hot press at 1900°C with 320 MPa. It was ob-
served that SiC particle size controlled the strength of the
composite. Smaller particle size SiC (0.45 pm) resulted
in high densification (99.8%), finer grain size and high
strength (909 MPa), whereas strength of 389 MPa could
be achieved in ZrB,—SiC composites with 10 um sized SiC
particles with presence of porosity. Larger particle size
resulted in ineffective sintering accompanied with poros-
ity which indicated that finer SiC particles are more ef-
fective pinning grain growth during sintering and restricts
porosity. Asl and Kakroudi®’ compared monolithic ZrB,
and ZrB,-25 vol% SiC composite hot pressed at 1850°C
for 60 minutes at 20 MPa and observed that grain growth
was effectively stopped with SiC with increase in frac-
ture toughness from 1.8-4.3 MPa.m'?. Increased density
(99.7%) and high hardness of 22.71 GPa was found with
40 vol% SiC sintered via SPS at 1900°C for 15 minutes at
70 MPa. Indentation fracture was improved by toughen-
ing mechanisms via SiC addition.’® Monolithic ZrB, rein-
forced with SiC sintered via SPS at 1650°C for 5 minutes
at 40 MPa led to increase in density from 93.1% to 95%
and hardness from 13.2 to 19.3 MPa.m"%.%° Further their
properties were evaluated with CNT addition discussed in
later section. A preliminary investigation was done in pro-
cessing of ZrB,-15 vol% SiC ceramics via conventional
and SPS routes at same sintering temperature with dif-
ferent holding times and compaction loads. ZrB, and SiC
powders of particle sizes ~5 and ~1 um respectively of
purity > 95% were taken commercially. 5 vol% Ni (pu-
rity > 99%) of ~3 um particle size was used as sintering
additive. Powders were uniformly mixed by ball milling.
The powders were compacted with 150 MPa uniaxial pres-
sure and sintered at 1800°C for 2 hours in argon in a high
resistance sintering furnace. ZrB,—SiC composites were
also processed via SPS at 1800°C for 5 minutes at 50 MPa.
Density of 95% and >98.5 were obtained via conventional
and SPS. Detailed results would be reported and discussed
elsewhere. Increase in hardness and fracture toughness
was achieved via SPS. Ni melt during sintering played a
major role by acting as a binder for ZrB,-SiC composites
and affecting the properties of the composites.
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4.2 | Influence of carbides and metallic
binders with carbon as sintering additives on
ZrB,-SiC ceramic composite

Zhang et al (2010)*° prepared ZrB,-(10-30 vol%) SiC com-
posites with B,C and carbon via conventional sintering with
97% of densification. B,C and carbon used as sintering ad-
ditives removed surface oxides as oxide impurities from
particles surfaces and inhibit densification. Excess carbon
resulted in residual carbon formation at the ZrB,/SiC grain
boundaries, higher SiC content led to larger volume fraction
of carbon at grain boundaries reducing composite strength. It
is reported that hot pressing result in maximum densification
even without addition of sintering aids but sintering aids as
borides, silicides, metals (eg, Ni), or C were used to lower sin-
tering temperature and processing time. High densification in
diborides can be achieved at 1900°C and 30-50 MPa via hot
press.10 ZrB,—SiC composite with 4 wt% Mo as sintering ad-
ditive was prepared via conventional sintering at 2200°C for
2 hours A cold isostatic pressure of ~200 MPa for 2 minutes
was used to prepare powder compacts. Relative density of
~99% with 560 MPa strength was achieved for the processed
composite.(" Patel et al® processed hot pressed ZrB,-(10-
30 vol%) SiC composites with B,C (1 wt%) as sintering addi-
tive. With higher SiC content, density decreased from 99.8%
for ZrB,-(10 vol%) SiC to 97.5% for ZrB,-(30 vol%) SiC,
whereas there was increase in hardness and fracture tough-
ness with increasing SiC content. It was found that exposure
of composites at 1000°C for 5 hours result in following reac-
tion as per Equations 5-8:

ZrB, +50, =2710, +2B,0, (1) (5)

2SiC+30,=28i0,+2CO 6)

B,C used as sintering aid undergo following conversion:

2B,C+70,=4B,0, (I)+2CO %)

B,0; ()=B,0;(2) (8)

B,C (sintering additive) gets oxidized and glassy B,04
(1) evaporates at sintering temperature, between 1200 and
1600°C. ZrB,~ZrC,~SiC,, composites were processed using
Zr-B,C powder mixtures with SiC particulates via reactive
hot press at low temperatures 1400°C-1500°C for 30 min-
utes and 40 MPa pressure. Higher density and high hardness
from ~ 17-22 GPa was found with use of fine reactant pow-
ders.®>%* Nasiri et al® processed ZrB,—SiC—C; via pressure-
less sintering at 2100°C-2150°C with addition of nano-SiC
and short carbon fibers. Optimal percentage of 2.5 wt% car-
bon fiber and 10 wt% SiC nanoparticles resulted in increase
in hardness and fracture toughness from 2100°C to 2150°C.
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Nisar et al® processed densified ZrB,—B,C and ZrB,—-SiC-
B,C composites sintered via SPS at 1850°C for 10 minutes
at 30 MPa and found increase in toughness (8.9 to 11.3 MPa.
m'?) of the composite due to toughening effect of B,C and
SiC.

4.3 | Influence of silicide, oxides, and
borides as sintering additive on ZrB,-SiC
ceramic composite

Chamberlain et al** prepared pure ZrB,-based composites
with 10, 20, or 30 vol% of SiC or MoSi, via hot press at
1900°C with 32 MPa pressure. Hardness and fracture tough-
ness were found higher with 10 vol% MoSi,. Theoretical den-
sity from 101%-103% was achieved with increasing 30 vol%
MoSi, addition. It was observed that MoSi, addition has de-
creased the oxidation resistance of the composites as com-
pared to monolithic ZrB,. The highest hardness and fracture
toughness values (24 GPa and 5.25 MPa.m'?, respectively)
were obtained for compositions containing SiC; increase in
toughness may be due by crack bridging by SiC particulates.
On the contrary, MoSi, provided the highest young module
and flexure strength values (523 GPa and 1151 MPa, respec-
tively).** Francois and Jankowiak™ have developed ZrB,~SiC
and ZrB,—SiC-TaSi, composites for leading edges of future
hypersonic aircrafts. Addition of SiC increased oxidation re-
sistance and restricted the diborides grains growth. Addition
of TaSi, lowered the oxidation rate by reducing the concen-
tration of oxygen vacancies and decreasing oxygen transport
through the growing oxide scale. Composites were hot pressed
at 1700°C-1800°C for 2 hours at 27 MPa. Addition of TaSi,
resulted in high strength (688 + 79 MPa) and fracture tough-
ness (4.4 + 0.2 MPa.m”z) n ZrB,—SiC composite. Bellosi
et al®” processed ZrB,—15 vol% MoSi, composite via SPS
and hot press. SPS resulted in dense material in comparison
to hot press processed composites. High temperature strength
was found high in SPS-sintered samples with lower flexural
strength in composites processed by hot press. Addition of
MoSi, led to the silica-based layer formation resulting in
effective oxidation control. Zamora et al®®® explored the
densification of ZrB, by SPS without additives. Densified na-
noscale ZrB, was prepared with SPS at 1625°C with 75 MPa
and 100°C/min heating rate. Densified nanoscale ZrB, can be
obtained at 1450°C in presence of B,0;, but remain unsuit-
able for high temperature applications. ZrB,—SiC composite
properties depend on various factors like SiC content, grain
size, and temperature range. SiC chopped fibers addition up to
20 vol% has led to improvement in fracture toughness of ZrB,
ceramics processed via hot press at 1600°C-1900°C. Higher
fracture was observed with ZrSi, addition as sintering aid to
ZrB,—-20 SiC fiber in comparison to Si;N, and MoSi, addition
as sintering aid.”’ ZrB,~SiC ceramics with addition of ZrO,
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fibers hot pressed at 1850°C resulted in increased fracture
toughness by enhancing fiber pull out, bridging and branch-
ing of cracks. SiC chopped fibers addition up to 20 vol% has
led to improvement in fracture toughness of ZrB, ceramics
processed via hot press at 1600°C-1900°C. Higher fracture
toughness was observed with ZrSi, addition as sintering aid to
ZrB,-20SiC fiber in comparison to SizN, and MoSi, addition
as sintering aid.” Generally, below 800°C, ZrB,—SiC com-
posite remain stable whereas fast oxidation of ZrB, and slow
oxidation of SiC occur between 800°C and 1200°C forming
ZrO, and SiO,. Hardness and fracture toughness increased
with SiC content from 10-30 vol%. Between 700°C and
1200°C, the oxide structure consisted of unaffected ZrB,—SiC
in the substrate, and a subscale of ZrO, containing unoxidized
SiC and a B,Os-rich outer layer as per the following reactions
in Equations 9 and 107071

ZrB, +50, =2710, +2B,0, (1) 9)

SiC+3/20, =Si0, +2CO (10)

ZrB,-SiC ceramics with addition of ZrO, fibers hot
pressed at 1850°C resulted in increased fracture toughness by
enhancing fiber pull out, bridging, and branching of cracks.”
It was observed by Chakraborty et al” that TiB, addition in
ZrB, resulted in improved mechanical and wear resistance.
Hot pressed at 2200°C for 2 hours in argon TiB, entered com-
pletely into ZrB, structure during sintering forming solid solu-
tion with it. In comparison of monolithic ZrB, addition of TiB,
up to 30 wt% showed high hardness and fracture toughness
of 22.34 GPa and 3.01 MPa.m'?, respectively. Fully dense
HfB,—ZrB,—SiC composites were processed with addition of
B,C and CNT via spark plasma sintering at 1850°C. Though
the mechanical properties were enhanced with CNT by sup-
pressing crack formation as discussed in later section, also
the augmentation in the mechanical properties established
the synergy between solid solution formation (with the equi-
molar composition of HfB,/ZrB,) and reinforcements led to
improvement in properties of the composites.74’66’75’60 It was
reported that HfB,-ZrB, system led to full densification and
increase in fracture toughness (5.2 to 10.2 MPa.m”z). Due to
their nature of forming solid solution during sintering with SiC
and CNT addition.”

4.4 | Influence of carbides and nitrides with
carbon as sintering additives on ZrB,-SiC
ceramic composite

Several researchers had investigated the effect of carbides
and nitrides with or without carbon on physical and mechani-
cal properties of ZrB,—SiC composite. Zhang et al® explored
the effect of carbon addition in ZrB,—SiC composites and

found that higher content of carbon additions (10 wt% based
on SiC) resulted excess carbon at grain boundaries. It led to
decrease in flexural strength of the composite, whereas in-
creasing SiC content (10-30 vol%) with 5 wt% carbon addi-
tion resulted in increase in hardness, flexural strength, and
toughness of the composite as shown in Table 4. Monteverde
et al (2002)"7 found that sinterability of ZrB, was highly im-
proved with SisN, addition as sintering aid in comparison
to additive free ZrB,. Full densification of ZrB, composite
was achieved at 1700°C by hot press with 20 vol% SiC and
5 vol% Si;N, addition. Si;N, resulted in liquid phase forma-
tion at onset temperature, which increased the densification
rate and powder compact shrinkage. Presence of SiC particles
exhibited a clustered distribution with secondary phases. It
was found that presence of SiC particles in ZrB, composites
effectively improved the properties compared to monolithic
ZrB,. Bellosi et al®” processed ZrB,-based composite via
SPS and hot press with ZrC and ZrC-Si;N, addition in ZrB,—
SiC composite. SPS resulted in dense material in comparison
to hot press processed composites. High temperature strength
was found high in SPS sintered samples with lower flexural
strength in composites processed by hot press. Addition of
45 vol% carbon fibers (Cy) in ZrB,—SiC—-SisN, ceramics sin-
tered via SPS at 1800°C-2300°C with different holding times
resulted in density of 96.7% sintered at 1900°C. Increase in
temperature from 1850°C to 1900°C did not affect the den-
sification. Extreme damage of carbon fibers was observed
with use of ~3000°C/min heating rate, therefore, precise
temperature control is required to achieve high density while
preserving the fibers structural and morphological integrity.
Due to high heating rate and difficulty in precise control of
temperature above 1900°C, carbon fiber degradation was
noticed in micrographs which resulted in brittle behavior of
composite.78

4.5 | Influence of graphene as sintering
additive on ZrB,-SiC ceramic composite

Density and mechanical properties of ZrB,—SiC ceramics
can be improved by adding graphene nano plates as additive.
Homogeneous diffusion of carbon led to smooth interface
formation between SiC and graphene nano plate at 1800°C
in SPS and due to nonreactive role of grapheme during sin-
tering, no ZrC or B,C were formed.” Addition of 5 wt%
grapheme platelets increased the density (>99%) of ZrB,—
SiC ceramic hot pressed at 1850°C with high hardness and
indentation fracture toughness in comparison to monolithic
ZrB, or ZrB,—SiC ceramics. Graphene promoted crack de-
flection and bridging resulting in high toughening of com-
posite.57 Similar results of anisotropy in fracture toughness
and flexural strength with 15 vol% graphite flakes in ZrB,—
SiC composite hot pressed at 1900°C were reported by Zhou
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FIGURE 3 Microstructure
development schematic for ZrB, and with
PCs¥

et al.*® Addition of 2-6 vol% grapheme nanoplates (GNPs)
to ZrB, ceramic sintered via SPS at 1900°C increased the
density of ZrB, (84.8%) to ZrB,-GNPs (96.9%) with decrease
in hardness and increase in fracture toughness and flexural
strength.81 Graphite flakes addition to ZrB,-SiC ceram-
ics hot pressed at 1900°C increased the fracture toughness
with slightly decrease in hardness and flexural strength.82
In general, uniform dispersion and avoiding agglomeration
has always been a challenge with adding graphene or CNT
(discussed in later section) as reinforcement in the ceramic
matrix. Therefore, several dispersion techniques like con-
ventional ball milling, in situ thermal reduction of graphene
oxide have been used to overcome these problems.gz’83 Due
to limitation of reaction between ceramic precursors and gra-
phene sheets at high temperature pyrolysis, addition of gra-
phene in ZrC-SiC composites was incorporated via slurry
infiltration followed by SPS by Cheng et al® accomplishing
high density (97.6%), fracture toughness (4.3 MPaml/z), and
strength (220 MPa).

4.6 | Influence of CNTs as sintering additive
on ZrB,-SiC ceramic composite

Toughness of ZrB,—SiC ceramics increased with no signifi-
cant effect on hardness or strength of the composite on 2 wt%
CNT addition sintered via hot press at 1900°C. Crack propa-
gation with deflection was found less in ceramics without
carbon nanotube (CNT), whereas cracks were found to be
deflected and bridged by CNTs addition.®>” Similar con-
clusion were drawn by Shahedi Asl et al® and Lin et al,87
respectively, with addition of 10 vol% CNT to ZrB,-SiC ce-
ramics hot pressed at 1850°C and with 15 vol% CNT addi-
tion sintered at 1750°C via SPS. Similar result was reported
by Yadhukulakrishnan et al.”® Density > 99% was achieved
with addition of 4%-6% CNT addition and indentation frac-
ture toughness was improved due to toughening mechanism.
Addition of B,C and CNT in HfB,—ZrB,—SiC composites has
not only beneficial for densification, but also increased the
indentation fracture toughness three times (13.8 MPa.m'?)
than of monolithic HfB,/ZrB, (3-4 MPa.m'?) suppressing
crack formation by deflecting and bridging them.®® Similar
conclusions were drawn by Nisar et al” in their work where
addition of CNT to ZrB,-SiC composite resulted in dense,
crack free microstructure. CNT embedded in the matrix
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retaining its structure during sintering at 1850°C. Addition of
SiC/CNT/B,C in ZrB, help in removal of surface oxide from
the ceramic during sintering, which inhibited the sintering
process.®®” Nisar et al® in their work enhanced the struc-
tural stability and oxidation resistance at extreme thermal
temperatures (>2400°C) by reinforcing ZrB, with SiC and
CNT. Synergistic addition of SiC and CNT in ZrB, resulted
in increased thermal stability, decreased oxidation rate, and
suppressed crack formation of the composite as cracks were
found to be deflected and bridged by CNT addition.

4.7 | Influence of precursor and dispersants
on ZrB,-SiC ceramic composite

Pre ceramic polymers have been developed as precursors
for composites, coatings, and fibers. Fine grain size can be
obtained at lower processing temperature for preceramic
polymer-derived ceramics.*+88-%3 Polycarbosilane polymer
is used to obtain ceramic powder by pyrolysis with an advan-
tage of having fine grain size at lower processing tempera-
tures.’>**7 Dense ZrB,—-SiC composites can be synthesized
via pressureless sintering with increase in relative density
from 62.5% to 96.7% by coating the starting ZrB, powder
with polycarbosilane, which gets converted to C and SiC by
pyrolysis.** A density > 99% was achieved for ZrB,-27 vol%
SiC composites prepared by in situ reactive hot pressing at
1890°C for 10 minutes from stoichiometric ZrH,, B,C, and
Si of submicron particle size as precursors. Powder reactions
occurred at 1150°C to 1400°C temperature with reactive hot
pressing in between 1600°C and 1900°C. Excess B,C pro-
vided sufficient B to react with all Zr to produce ZrBz.88 Hot
press, increased the relative density from 78% (without PCS
addition) to 100% (with 16% SiC derived from PCS addition)
of ZrB,—SiC—C ultra high temperature ceramics (UHTCs)
sintered at 2073 K for 60 minutes at 20 MPa in an argon
atmosphere.89 Microstructure development schematic is pro-
posed based on the microstructure for samples with PCS are
shown in Figure 3. ZrB, without PCS imparted grain distor-
tion, rearrangement, and surface diffusion forming a network
structure.*” Densified ZrB, ceramics were developed with
addition of SiC whiskers (SiCw) and PCS (polycarbosilane).
ZrB,—SiC,,—PCS slurry hot pressed at 1750°C where SiC,,
played the role of deflecting and bridging the cracks result-
ing in higher fracture toughness (7.57 MPa.m"?) than of
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monolithic ZrB, or ZrB,-SiC,, (4.0-4.4 MPa.m'?). PCS being
volatile may cause porosity so 9.1 wt% PCS was optimized to
process dense ZrB,—SiC,, ceramics.®” Porous ceramics from
polysiloxanes precursors offered simple processing method,
low processing cost, and porosity control. Si(O)C-based ce-
ramics can be synthesized from polysiloxane precursors via
different processing strategies like replica, sacrificial tem-
plate, direct foaming, and the reaction technique.”® Polymer
derived ceramics (PDCs) based on Si—O-C (silicon oxy car-
bide, SiOC) have become important because of low process-
ing temperature (1000°C-1200°C), excellent thermal shock
resistance, inherent chemical durability, mechanical strength,
despite the amorphous phase.99"109 Amorphous Si—Al-O-C
ceramics can also be prepared by pyrolysis of poly (methyl-
silsesquioxane) precursors after treating them by the sol-gel-
technique with an Al-containing alkoxide compound, namely
alumatrane. These ceramics are more stable at high tempera-
ture in comparison to Al-free SIOC composites.log’l 10
Dispersants are generally used for uniform dispersion, that
is, mixing of two different powders, further they either evap-
orate or get dissolve in the solution. Zhang et al (201 D' fab-
ricated nano sized ZrB, composites using ZrB, nano powder
(60 nm, purity > 95%), and SiC nano powder (40-50 nm) as
raw materials and studied their dispersion behavior in ethanol
solutions with different dispersants (Solspers 20000, NK-1
(micro/nano powder dispersant) and PEI polyethylene imine
(10000). The suspension containing the Solspers 20000 was
completely clear after 1 day sedimentation, indicating unsuit-
able for dispersing ZrB, and SiC nano powder. PEI content
0.7 and 2.5 wt% below pH 10 is preferred for ZrB, and SiC
nano powders, respectively, for dispersion and co-dispersion
in ethanol solution. PEI was also found suitable for of ZrB,
powder confirmed by Lee et al (2007).112 Lee et al (2007)112
studied the dispersion behavior of ZrB, powder in aqueous
solutions with polyethylenimine (PEI) dispersant and found
it efficient for aqueous ZrB, slurries. For preparing highly
concentrated aqueous ZrB, slurries, ZrB, powder (particle
size: 2.12 um) with varying PEI content (600-700 mol wt%)
was studied. Result showed isoelectric point (IEP) of ZrB,
moved from pH 5.8 to 6.2 after milling for 72 hours and
moved to pH 11 with PEI regardless of dispersant molecular
weight. PEI with MW 10 000 was concluded as most suitable

FIGURE 4 Microstructures of the
ZrB,-SiC containing 30% SiC in volume
with (A) 2.8 wt% carbon, and (B) 10 wt%
carbon®’

dispersant for ZrB, among the tested ones. Dispersion of
ZrB, suspensions in aqueous solution with Lopon 885, an
ammonium polyacrylate solution as dispersant was studied
by Lu et al (2009)'"? in aqueous tape casting of ZrB, pow-
der with B,U as sintering additives. Well dispersed ZrB,
suspensions was obtained in alkaline pH range with 0.4 wt%
dispersant. Huang et al (2007)''* investigated the dispersion
of ZrB, with ionic ammonium polyacrylate or a nonionic
alkoxylated polyether dispersants (Darvan 821A and WA-1,
respectively) and zeta potential was measured as pH function.
It was observed that both dispersants increased the relative
zeta potential (=50 mV to —110 mV) and exhibited consis-
tent extrusion behavior to produce sintered, complex 3-D
components from ZrB,. So, it can be summarized that differ-
ent dispersants plays an important role in effective mixing of
ZrB,, SiC powders.

5 | MICROSTRUCTURAL
FEATURES OF ZrB,-SIC CERAMIC
COMPOSITES PROCESSED

WITH OR WITHOUT SINTERING
ADDITIVES

Micrographs obtained of the sintered ZrB,—SiC ceramic com-
posites play an important role in achieving desired physical
and mechanical properties. Zhang et al®® studied the influence
of the amount of carbon on the resistance of pressurelessly
sintered ZrB,—SiC composite. Following the criterion of
Griffith, relatively small grains resulted in ceramic materials
with higher strength.* Resistance values lower than 400 MPa
were reported for ZrB,—SiC containing 30% of SiC with aver-
age particle size of, approximately, 6 pm; on the contrary, re-
sistance values above 900 MPa were reported with SiC
particle sizes of, approximately, 1 pm, or smaller.*® These re-
searchers showed that the highest flexure strength values were
obtained to 5 wt% of carbon, whereas flexure strength de-
creased for 10 wt% of carbon, under 20% and 30% of SiC—in
volume due to the high amount of SiC (20% and 30%), which
resulted in a high volumetric fraction of excess carbon depos-
ited in grain contours. Figure 4 feature ZrB,—SiC microstruc-
tures containing 30% of SiC in volume, with carbon addition
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of (a) 2.8 wt%, (b) 5 wt%, (c) 7.3 wt%, and (d) 10 wt%.*
Under room temperature, factors such as fine mean grain size
and defect density influence on flexure strength of ZrB,—SiC.
Like other fragile materials, the strength of ZrB,—SiC is influ-
enced by the largest flaws present in its microstructure. In ad-
dition of improving the mechanical properties of ZrB,—SiC,
smaller SiC particles reduce the tendency of microcracking
and the nucleation of larger critical flaws.” In fact, for ZrB,—
SiC, resistance increased with decreased grain size of the
SiC.? The microstructure of the ZrB,—SiC can also be con-
trolled by conducting a high (fast) heating rate next to reduced
processing times.” Akin et al’ prepared spark plasma sintered
ZrB, (average particle size of 2 pm) composite with a-SiC
(average particle size of 1 pm), under different temperatures
and sintering times (Figure 5). Under 1900°C and 2100°C, the
microstructure consisted of equiaxed ZrB, grains of 2-5 pm in
size and a-SiC grains of 2-4 ym in size. Elongated grains of
o-SiC formed under 2120°C and 2200°C, a laminar texture,
similar to an eutectic texture, and irregular texture was ob-
tained without holding time. For amounts of SiC above 50% in
bulk, there was pore formation in the microstructure of ZrB,—
SiC. Consequently, hardness, module of longitudinal elastic-
ity, fracture tenacity, and flexure strength also decreased.
Monteverde et al'? hot pressed ZrB,—15SiC and ZrB,—15SiC—
10HfB, composites. Microstructure revealed formation of dis-
crete shell around ZrB, enriched of Mo or Hf/Mo, core and
residual glass. SiC particles in the ZrB, matrix, or in agglom-
erates include silica-based glassy residues (Figure 6). Addition
of SiC can provide microstructures that improve the mechani-
cal properties of ZrB,—SiC composites—Ilike hardness and
fracture toughness—when compared to the monolithic ZrB,
by enhancing their density.77 Monteverde et al”’ processed
monolithic ZrB, and ZrB, composite with Si;N, or SiC—
Si3N, hot pressed at 1900°C as explained in above section.
Grain growth was observed in monolithic ZrB, with slow den-
sification due to surface oxide formation. Si;N, added com-
posite showed regular microstructure with flat grain
boundaries (Figure 7) with highest fracture toughness
(4.55 MPa.m"?) with Al,O; and Y,05 addition. Among the

FIGURE 5

TECHNOLOGY
types of processing developed to obtain ZrB,—SiC, the “hot-
pressing” is what provides the best mechanical properties.77
However, differences in the values of strength and toughness
can be, among other factors, attributed to the different tech-
niques of obtaining ZrB,—SiC, so processes such as high-tem-
perature self-sustaining sintering (SHS) or spark plasma
sintering (SPS) can influence the mechanical properties of
ZrB,-SiC, with hardness, longitudinal elasticity module, frac-
ture toughness, flexure strength, and bending strength, due to
change in its microstructure.® ZrB, has a terrible sinterability,
characteristic of this, intrinsic to this material. Because of this,
it is very difficult, technically, to get a full density of pure
ZrB, without adding additives such as SiC.%" Bellosi et al®’
manufactured specimens under three different compositions
as mentioned in above section found regular ZrB, grains and
ductile MoSi, phase with irregular shape in ZrB,-MoSi, com-
posite. SPS-processed composite resulted in finer microstruc-
ture and restricted grain coarsening in comparison to hot press
processed composite. Further, ZrC or ZrC-Si;N, added com-
posite revealed fine and uniform grains. However, the chemi-
cal and mechanical properties of ZrB,-based ceramic
composite can be improved by reducing grain size and mini-
mizing impurities present in the microstructure.”® Zhu et al>®
produced ZrB,—SiC specimens varying the average particle
size of SiC (=10, 1.4, 0.7 and 0.45 pm), Figure 8 shows the
microstructures obtained.>® The highest young's module value
was reported for the material formed with SiC with an average
particle size of 0.45 pm, reaching 524 GPa and fracture tough-
ness ranged from ~4.2 to ~4.6 MPa.m"? (values greater than
that reported for ZrB,: ~3.5 MPa.m"?). As the working tem-
perature has a significant influence on microstructure devel-
opment during sintering and on resulting mechanical
properties of ZrB,, a significant decrease in hardness, fracture
toughness, strength is reported,
1200°C-1400°C, in addition to oxidation and corrosion resist-
ance.'® Gupta el al.'"® found uniform distribution of SiC
(dark phase) in ZrB, (bright phase) in the microstructure of
ZrB,-SiC composite processed via spark plasma sintering
(SPS), under 1400°C during 6 minutes holding and 1600°C

and flexural above

SEM images of ZrB,~SiC composites containing 40 mass% SiC sintered at (A) 1900°C for 300 s, (B) 2120°C, and (C) 2200°C”
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FIGURE 6 Microstructures of the
materials (A) ZrB,—15SiC and (B) ZrB,—
15SiC-10HfB, showing shell (S), core (C),
and residual glass (G)]2

FIGURE 7 Microstructures of materials (A) ZrB,—5Si3N,, (B) ZrB,—20SiC-/4Si;N,, and (C) ZrB,-/18.5SiC-/3.7S1;N,/-Al,03-/0.5Y,05—in

sequence77

during 2 minutes holding, under a pressure of 55 MPa and a
heating rate of 200°C/min, in an argon atmosphere and re-
ported increase in hardness and fracture toughness values with
increased amount of SiC. Figure 9 presents images of the mi-
crostructures of ZrB,—SiC specimens obtained for the differ-
ent volumetric percentages of SiC: (a) 10%, (b) 20%, and (c)
30%. Hardness increased from 18 to 23 GPa and fracture

FIGURE 8 Microstructures for the
different granulations of SiC: (A) 10 pm,
(B) 0.45 pm*

FIGURE 9 Microstructures of ZrB,—
SiC specimens obtained for the different
volumetric percentages of SiC: (A) 10%, (B)
309,115

AT

toughness increased from 4.2 to 5.3 MPa.m'? when the
amount of SiC increased from 10% to 30%, in volume.'"
Adopting the same sintering process and conditions used by
Gupta et al“s—spark plasma sintering (SPS), Sharma et al'®
further studied high-temperature erosion behavior. However,
the improvement in mechanical properties is due to the fact
that SiC addition promoted a better sintering of ZrB,—which
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FIGURE 10 Occurrence of
transgranular fracture, crack deflection and
crack brindging for specimens containing
(A) 10% SiC and (B) 30% SiC''® [Color
figure can be viewed at wileyonlinelibrary.
com]

Transgranular Fracture

(A)

should be performed at high temperatures due to covalent con-
nections116—decreasing the porosity of the material as visible
in microstructure. Besides, Sharma et al''®, through propaga-
tion analysis of indentation crack, reported crack deflection or
bridging by SiC particles. Additionally, Sharmaetal''® ob-
served transgranular fracture along the grains of ZrB,, while
crack bridging or crack deflection lead to an increase in frac-
ture toughness. Consequently, a high amount of SiC leads to a
large extent of “crack bridging” or “crack deflection,” so as to
maximize fracture toughness.116 Figure 10 shows the micro-
structure with occurrence of transgranular fracture, crack de-
flection, and crack bridging for specimens containing 10% and
30% of SiC. However, depending on the application tempera-
ture for which ZrB, is directed, even these metallurgical pro-
cedures may not be sufficient to check the necessary
characteristics to ZrB,. With this, it is necessary, too, the addi-
tion of SiC, as a second phase, to enhance the mechanical
properties of monolithic ZrB, as it has strengthening/toughen-
ing capabilities.'"” In the same line of analysis, Zhang et al'!”
reported that SiC particles, located in the boundary of the
ZrB,, enhanced the binding between the ZrB, particles but
higher SiC content did not affect significantly the density of
ZrB,—SiC composites processed via SPS at 1375°C and
25 MPa for 5 minutes. Figure 11 shows images of polished
surfaces of ZrB,—SiC specimens for 15% and 30% SiC result-
ing in higher grain size from 5 to 10 um of SiC particle with
increasing SiC content with no grain growth in ZrB, grains.
Hardness values of 10.5 and 11.1 GPa were obtained, and
flexural strength values of 335.5 and 391.6 MPa, for volumet-
ric percentages of 15% and 30% SiC, respectively.''” In addi-
tion to SiC, Zhang and Kurokawa''® included B,C in ZrB,, in

FIGURE 11 Microstructures of ZrB,—
SiC specimens for (A) 15% SiC and (B)
30% Sic'"’

Cragk bridging
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Crack bridging

LGN

‘ \
Prapsgranular Fracture

Crack deflection)

A ®)

the amount of 1 wt% with 0-30 wt% SiC. The compacts were
pressurelessly sintered for 3 hours at 2523 K. Oxidation be-
havior at 1273 and 1473 K revealed microstructure featuring
two oxide layer of continuous glassy layer and ZrO, layer
having unoxidized SiC at 1273 K and oxide layer of ZrO, and
Si0O, with unreacted SiC was found at 1473 K. For these con-
ditions, it was observed that the relative density was between
96.5% and 98.2%. For ZrB,—SiC composite processed via hot
press with 30% SiC in volume, Neuman et al'™ observed
micro cracks in microstructure due to large SiC clusters
(Figure 12). Strength, longitudinal elasticity module, and frac-
ture toughness were measured under different temperatures,
ranging from room temperature up to 1600°C. For the three
mechanical properties considered, a decrease was reported
with increase in temperature.119 Under room temperature,
fracture toughness can be affected by the presence of stress-
induced micro-cracks, so as to decrease it. Besides, spontane-
ous microcracks reduced the fracture toughness by two
mechanisms: reducing the initial modulus and linking with the
main crack during fracture. On the contrary, to spontaneous
microcracking, stress-induced microcracking improve the
fracture toughness by shielding the crack tip and dissipating
the fracture energy during crack propagation. However, pre-
existing microcracks, such as the spontaneous microcracks
formed by thermal expansion mismatch, do not contribute to
crack tip shielding_;.119 Wang et al'® reported that ZrB, com-
posite containing “nano-SiC whiskers,” “nano-SiC whisk-
ers + AIN” or “nano-SiC whiskers + SisN,” increased the
bending strength and the fracture toughness values. In general,
Wang et al'?’ explained that increase in strength observed in

ZrB, containing “nano-SiC whiskers” occurred due to the
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FIGURE 12 Microstructure of ZrB,—-SiC, with the presence of

microcracks, due to large SiC clusters'"’

characteristics of the fine microstructure and the reinforce-
ment action that the “nano-SiC whiskers” provided as shown
in Figure 13. Whisker-toughening mechanisms are such as
whisker pull-out, whisker bridging, and crack deflection in ce-
ramic matrix composites. The fracture toughness of the com-
posites increased Monteverde and Bellosi'?! processed

ZrB, + al15SiC + 4.5ZrN (ZSZ) and ZrB, + 35HfB, + 10a-
SiC + 4.5ZrN (ZHSZ) via hot press at 1900°C for 5 and

20 minutes, respectively. Microstructure revealed regularly
faceted diborides grains with grain size distribution wider in
ZSHZ composite (Figure 14) with hardness of 15.6 GPa and
16.7 GPa for ZSZ and ZHSZ composites, respectively.
Summarizing, the correct amount of SiC provides benefits for
oxidation resistance due to the formation of a protective boro-
silicate glass layer rich in SiO, and ablation resistance, with-
out harming stability under high temperatures. Additionally,
better hardness, longitudinal elasticity module, flexure
strength, and fracture toughness are reported as discussed
above when one has a fine grain size and a uniform distribu-
tion of the reinforcing phase.

6 | RELATION BETWEEN
MECHANICAL PROPERTIES AND
WEAR PERFORMANCE OF ZrB,-SiC
COMPOSITE

ZrB,—SiC (UHTCs) are generally used in liquid propellant
rocket motors, supersonic planes, space planes, turbojet
parts, thermal structures for space planes and other space
probes, gas turbines combustors cans, brakes, after burners,
heat shields, prostheses, fixation plates, thermal insulation,
or rocket nozzles etc, which undergo adhesive, abrasive,
fatigue, or corrosion wear with time. So wear has a great
role in long life functioning of these components as exces-
sive wear of the mating components sometimes lead to cata-
strophic failure.'**'?7 Literature survey revealed that wear

FIGURE 13 Scanning electron
micrographs of ZrB,-SiCw. ZB refers to
(A) 100% ZrB,, and (B) ZBSw-3 (85 vol%
ZrB, + 15 vol% nano-SiC whiskers)'?

FIGURE 14 A, ZSZ composition
microstructure. The numbers correspond to
(1) SiC, (2) ZrO,, and (3) BN; (B) ZSHZ-
Black arrows denote intragranular SiC

particulates 121
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performance of ZrB,-based ceramics was studied by several
researchers majorly in un lubricated (dry) conditions, wear
of ceramics depend on several factors like surface roughness,
contact geometry, microstructural features, grain sizes, me-
chanical properties, load, speed, temperature, duration, and
environment.! 16128134 Erogive wear behavior of spark
plasma-sintered ZrB,-(10-30 vol%) SiC composites against
SiC erodent at varying angle of incidence (30°-90°) at room
and high (800°C) temperature revealed that increased %
of SiC resulted in 68% and 78% reduction in erosive wear
rate of the composite at room and high temperature, respec-
tively.'? B,0; and SiO, layer formation increased the high-
temperature erosion resistance.'!® Tables 5 and 6 show the
details of wear performance of ZrB, based ceramics having
different mechanical properties and processed via different
routes. SEM micrograph of scratch track of spark plasma
sintered ZrB, by direct and pulse current under 10 N load
are shown in Figure 15. Z Addition of SiC in ZrB,—B,C ce-
ramic composite restricted fracture even at high friction in
comparison to monolithic and ZrB,-B,C composite.126 ZrB,
ceramics processed with B,C, SiC, and ZrC as additives un-
dergo abrasive grooves and cracks at low loads and tribofilm
formation due to oxidation due to wear at high load. ZrC
addition has restricted the crack formation'> (Figure 16).130
There is not large variation observed in friction in all three
composites, whereas B,C addition resulted in highest wear
rate at low and high load.'*° Study of addition of varying
(5-15 wt%) of B,C revealed low density with increasing wt%
and high hardness and fracture toughness with 10 wt% B,C
addition. Least COF and wear was observed in ZrB,-10B,C

FIGURE 15 SEM micrograph of
scratch track of spark plasma-sintered ZrB,
by (A) direct current and (B) pulse current
under 10 N load'?

FIGURE 16 Wear tracks of (A) ZrB,-
10 wt% SiC and (B) ZrB,-10 wt% ZrC at
50 N load"*

TECHNOLOGY
ceramic composite and crack deflections with B,C addition
has resulted in improved mechanical and wear properties.131
Wear in water medium resulted in thermochemical degra-
dation of monolithic ZrB, and least wear rate was noticed
in ZrB,~15B,C-SiC composite.'** SiC addition resulted
in better bonding, contiguity with interconnected network
with ZrB2, which imparts high mechanical and wear per-
formance.'* Debnath et al (2015)'% processed ZrB,-based
ceramic composite by adding SiC (SiCp, SiCg, SiCy) ob-
tained from different sources: precursor (PCS derived SiC),
HO36.137CUMI-M15, HC Starck-UF25. Highest density was
found in ZrB,—SiCp composition whereas ZrB,—SiC. pos-
sess high hardness and fracture toughness. Transgranular
lateral cracking, slip lines- and material removal was found
in indentation and scratch grooves in all the composites and
COF was also found low at all loads (5-10 N) 133 Wear be-
haviour of ZrB,-B,C composite processed via reactive hot
pressing of B,C and ZrO, revealed decrease in COF with
increasing load and less wear than monolithic B,C."** Wear
behavior of nanoscaled (20-60 vol%) ZrB,-SiC (ZS) com-
posites prepared via polymer derived route followed by SPS
was studied by Jiabei et al (2018).138:13 They found transi-
tion of wear mechanism from microcrack to abrasion with

increasing wear time in 20 ZS whereas surface of 60 ZS was
found stable with less debris formation during wear show-
ing superior wear resistance'*® as shown in Figure 17A,B.
Abrasion and spalling wear was found in ZrO,—30 ZrB, com-
posite in fretting wear and decreasing wear rate with increas-
ing toughness of the composites.140 Kumar et al (2009)"!
prepared AA6351-(3-9 wt%)ZrB, in situ composite by the
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reaction of K,ZrFy and KBF, with molten aluminum alloy at
850°C. Pin on disc wear study of solutionized and solution-
ized-aged casted composites was done. Increased % of ZrB,
in solutionized and solutionized-aged composites increased
the hardness of the composite and adhesive wear mechanism
was found dominant in all the composites whereas mono-
lithic matrix was full of coarse and plastically deformed
grooves.141 Effect of addition of TiB, in ZrB, composites
formed solid solution and improved mechanical and tribo-
logical performance. Increased weight of TiB, addition up
to 30% led to high hardness, fracture toughness, and wear
resistance. Worn surfaces were plastically deformed upon
contact between test specimen and stylus.73

7 | CONCLUSION AND OUTLOOK
Summarizing, present paper gives a detailed systematic re-
view of the research done on physical, mechanical and tri-
bological performance of ZrB,-based ceramic composites
with or without additives processed via different routes and
conditions. Study of ZrB,—SiC ceramic composites resulted
out excellent information about the variation in properties
based on different sintering parameters. Fine particles dis-
persed in composite system resulting in more homogeneous
dense structure. Present review revealed that large SiC grains
in the microstructure act as critical flaw causing the specimen
failure. It is expected to have improved properties of these
composites by reinforcing them with nano phase of SiC. It
is found that larger volume % of nanocrystalline SiC content
gives much better performance than their counterpart con-
ventional coarse-grained polycrystalline materials in respect
of the grain boundary strengthening or fine-grain strength-
ening. Wear resistance of ZrB, based composite against ero-
sive, sliding, or fretting wear make them more suitable for
industrial use. Further research is clearly needed to use their
potential applications under wide range of temperature and
pressure encountered in aerospace, hypersonic flights, at-
mospheric re-entry, and rocket propulsion system.

FIGURE 17 Surface morphologies

of wear track after different distance tests
(50 000 cycles) with 0.3 m radius under a
load of 10 N (A) 20 ZS (B) 60 ZS'¥
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